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We demonstrate how the observation of dynamic Mach cones in dusty plasma experiments allows one to follow the evolution of the dust acoustic wave velocity as charges on dust particles change, or as their mass changes. In experiments in which only the charge is changing due to, e.g., the application of a thin coating on UV-illuminated dust particles, the coating rate may be inferred through the analysis of the Mach cone pattern.
In other experiments where the dust sizes are changing, also leading to some change in charge, the growth rate can be followed. DOI: 10.1103/PhysRevE.65.045403 PACS number͑s͒: 52.27.Lw, 52.80.Pi Havnes et al. ͓1, 2͔ first suggested that Mach cones should be observable in dusty plasmas and serve as valuable diagnostics since they can be directly observed through remote sensing and they do not significantly affect the dusty plasma conditions. The Mach cones in dusty plasmas have since been observed in several experiments ͓3-5͔, have received further theoretical attention ͓6,7͔, and are now studied in many ongoing and planned experiments both on the ground and in space. The Mach cones, which occur if a localized body moves through a dusty plasma at a speed larger than the dust acoustic wave ͑DAW͒ ͓8-11͔ speed, are of a nature similar to those of cones occurring at supersonic speeds in gases, liquids, or some crystals ͓12,13͔.
Earlier investigations of Mach cone properties in dusty plasmas ͓1,2,6,7͔ have concentrated on cases in which the dust particles do not evolve. In the following we will consider cases of what we choose to call dynamic Mach cones ͑DMCs͒, where the evolution of the dust particle takes place. This can happen in reactive dusty plasmas by the growth of the particle sizes, which in turn will lead to a change in the charge. We also consider cases in which the charge changes, e.g., during a coating process. Systematic changes in the ionizing radiation or plasma conditions can also influence the Mach cone pattern. All these processes will lead the Mach cone pattern to deviate from a straight V-shaped pattern, which results for constant dust properties.
THE DAW AND TIME SCALES FOR DUST CHARGE CHANGES AND SIZE CHANGES
The DAW ͓8 -11,14͔ can be subject to both Landau damping and to charge fluctuation damping ͓10,11͔. We neglect these processes, they are generally not important in the dusty plasmas we will consider, and consider longwavelength cases k 2 D 2 Ӷ1 for which the DAWs are nondispersive. The dispersion relation then becomes ͓8,10͔
Here is the wave frequency and k is the wave number while n e0 , n i0 , and n d0 are the electron, ion, and dust number densities in the absence of a wave. The electron and ion temperatures are T e and T i , m d is the dust mass, and Z d is the dust charge number. Boltzmann's constant is k B . The magnitude of the phase velocity (/k) of the DAW is low; it can be as low as a few cm/s or less in experiments, and down to a few m/s or less in planetary rings. The disturbing body creating the Mach cone, which could be a dust particle in experiments ͓3,4͔ or a boulder in planetary rings ͓1͔, must move at a speed v B Ͼ/k for a Mach cone to be created. One issue for us to consider is whether the dust particles can change their properties during the lifetime of an observed Mach cone pattern, created during one particle passage through the experiment, or whether changes occur on a longer time scale so that successive Mach cone patterns show the evolution. The time rate of the change of a dust particle's mass in reactive environments in which a specific gas, of number density n g , temperature T S , and mass m g , accretes on to dust is given by
where
The time scale for the mass change is
The time t coat to obtain a coating of For laboratory conditions, the gas number density normally ranges upwards from 10 18 m Ϫ3 and coating materials can be present at smaller or comparable number densities. The above time scales can, therefore, vary within very wide limits but can easily be made comparable to the propagation time for a DAW across the volume of an experiment. For today's dust experiments this is of the order of a few seconds but in some forthcoming larger experiments the time will be larger.
The charging time in rf-heated dust experiments is usually very short, sometimes as low as 10 Ϫ6 s, so any charge changes are most likely almost instantaneous if changes in dust properties, plasma conditions, or charging illumination occur.
With the low densities in planetary rings of n տ10 6 -10 7 m Ϫ3 the time scales for accretion and coating will be much longer than the travel time for a DAW before it is damped. We will, therefore, in the following only consider the changes of the wave pattern of Mach cones in dust experiments.
EFFECT ON THE MACH CONE PATTERN BY CHANGES IN DUST MASS OR DUST CHARGE
In a nondispersive Mach cone the wave pattern basically has a pure V shape except possibly near the disturbing body ͓3,4,15͔. If dispersion is important, this will not be so ͓6͔, but we will restrict attention to nondispersive cases. The V-shaped form results in the nondispersive regime because all of the disturbances propagate with the same speed ␣ d0 , so that if a disturbing body is moving through the dusty plasma with speed v B , the V pattern will have an opening half-angle ␥ given by
e.g., ͓1,3,4͔. Changes in the dust properties will influence the DAW properties and thereby the Mach cone wave pattern. Here we will consider two separate cases and show in each of them how the changes affect the Mach cone pattern. If a body moves through a dusty plasma it will, at every point, create a disturbance, which propagates as a circle and contributes to a V-shaped pattern if the DAW speed is constant. If the DAW speed varies, the circle generated at a point ͑see Fig. 1͒ , at time tϭϪ/v B will expand and have a radius at the time tϭ0 of
We take tϭ0 to be the time at which we observe, or obtain a picture of, the Mach cone. For both of the demonstration cases that we study, we assume that changes in dust mass and charge do not significantly affect ͓see Eq. ͑1͔͒ n d0 , n i0 , n e0 , or the temperatures. This is equivalent to the dust charge density being small compared to n e0 and n i0 . In case I we will consider dust that is illuminated by UV radiation and on which a coating process changes the photoelectric properties resulting in alterations of the dust charge also. The effect on the dust mass is taken to be negligible. We will assume that the dust charge number Z d changes linearly as the coating proceeds and that
Here Z d0 is the dust charge when we observe the Mach cone at tϭ0. The charge number Z d is the only quantity varying in Eq. ͑1͒. Inserting Eqs. ͑1͒ and ͑10͒ in Eq. ͑9͒ we find
where the charging time due to the coating is t q ϭZ d0 /Ż d and
In case II only the mass changes due to gas accretion. The change in mass will affect the DAW directly through the m d Ϫ1/2 term but this will partly be compensated for by an increase in dust charge as the radius increases. We consider charging by plasma collisions and attachment. The surface potential of the dust is determined by the plasma temperature and the ion mass ͓16,17͔ and is independent of the dust radius. From this and the expression for the surface potential of a sphere, Uϭq/4⑀ 0 r d , it follows that the change in charge number with dust radius is
ͪ .
͑12͒
Inserting Eq. ͑12͒ and
into Eq. ͑1͒ we find that
With a constant density of accreting molecules, the dust radius will change linearly with time as This demonstrates the potential of the DMC method to discriminate between different evolutionary effects on the dust.
EXTRACTION OF INFORMATION ON DUST CHANGES FROM OBSERVATIONS OF DYNAMIC MACH CONES
We assume that the observations allow a DMC pattern to be represented by a curve y(x). We wish to extract the evolution of the DAW speed ␣ d (t) from y(x).
From Fig. 1 Differentiation of Eq. ͑9͒ with respect to t, with R given by Eq. ͑23͒, and then differentiation with respect to x by the use of Eq. ͑25͒ allows the derivation of
If we have a normal V-shaped Mach cone pattern where y/xϭtan ␥, then Eq. ͑26͒ leads to the expected result of Eq. ͑8͒. Clearly from observations of a DMC pattern we can infer the change in the DAW velocity ␣ d (t) through the use of Eqs. ͑24͒ and ͑26͒. Knowing the variation of the DAW speed with time, we use Eq. ͑1͒ to find the change in charge if coating occurs, or the change in mass if accretion of significant amounts of material, similar in composition to that of the original grains, occurs. 
DISCUSSION
We have shown that the DMC diagnosis method has the potential of providing essential information on reactive laboratory or industrial dusty plasmas in which the dust properties change.
Coating rates can now easily be made at ϳ1 nm/s, which can change the charge of the particle profoundly on the time scale of seconds. For industrial applications, deposition rates of up to ϳ1 m/s have to be achieved. This will lead to very fast changes of dust properties, which the DMC method has the potential to monitor. Methods such as mass spectrometry, extraction and weighing, laser induced particle explosive evaporation, particle oscillation monitoring are not suited to determine the mass of the dust particles because they are invasive and disturb the plasma or destroy the particle. For determination of the charge, very few methods exist. Most of them are indirect and require model assumptions. The only direct method ͑photodetachment͒ requires a method to determine absolute values of the electron density, which for the density range under discussion here almost always necessitates specific discharge geometries. For time scales shorter than 1 s, no truly noninvasive and real time method for measuring mass and charge is available.
If the DMC method can be implemented in dusty plasmas used for particle or surface processing ͑silane plasmas used for solar cells, plasma based coating of dust particles͒, this would open up a perspective for real time process control and diagnosis of the processing of the particles. Even in the case of silane plasmas, where the particles are too small to visualize individually, the DMC method will work: the spatial particle density variations induced by the Mach cone can be studied without being able to ''see'' each individual particle, by using classical fluid dynamics diagnostic methods such as ͑Mach-Zehnder͒ interferometry and Schlieren photography. In the present two-dimensional ͑2D͒ imaging of position and velocity of dust particles affected by the DAW to form a Mach cone ͓4 -6͔, the images are not very sharp and well defined. We expect that progress in imaging and image processing will lead to much improved knowledge of the 3D position and motion of dust particles, which should lead to a better definition of the Mach cone.
Nonuniformity within a plasma chamber will certainly affect the DMC profile, and the straightforward analysis presented here will, in such cases, not be valid throughout the chamber. Locally it may be applied. In any case, observations of deformed DMC should lead to valuable information on the localization of and degree of nonuniformity and as such be useful in a search for optimal chamber conditions.
We have not considered any size distribution of the dust particles. Brattli, Havnes, and Melandsø ͓18͔ found that the propagation velocity of the DAW could be represented by the expressions for a monosized dusty plasma if one uses average values for the sizes. However, little work has been done on DAW in dusty plasmas with a size distribution. Until a full theory for DAW is fully developed it may be difficult to draw full benefit in all natural situations from the DMC method to deduce plasma and dust conditions. The higher degree of control available in the laboratory favors the application of the method to experiments.
We have considered cases in which changes in dust properties affect an instantaneously observed Mach cone structure. This means that the DAW propagation time t p for the disturbing body and the time scale for dust changes t L are comparable. We can also consider cases in which t L and t p are not comparable. If t L ӷt p one observation of the Mach cone will show a V-shaped pattern, but later observations will show the Mach cone to have a changed opening angle ␥; use of Eq. ͑10͒ will give the time history of ␣ d (t). If t L Ӷt p , which may happen in some etching experiments, where the particle surface chemistry may change in milliseconds, the change in the DMC may show up as a kink in the pattern. If the kink can be resolved Eqs. ͑24͒ and ͑26͒ can be used to determine the time history of ␣ d and related parameters. If not, the change of angle ␥ on each side of the kink will give the change in ␣ d , and the resolution will set an upper limit on the time for the change of dust properties.
